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Abstract
Sagittarius A* (Sgr A*) is the central supermassive black hole with the mass ∼ 4× 106M⊙ in
the Milky Way and stars are orbiting around it. In May 2018, one of the nearest stars to Sgr
A* named S0-2/S2 experienced the pericenter passage. The redshift of photons from S0-2
had varied from 4000 km s−1 to −2000 km s−1 during the pericenter passage, which is within
0.5 yr. In this paper, we show that this steep variation of the redshift gives a strong constraint
on a dark mass distribution inside the orbit of S0-2. By applying a simple χ2 analysis to the
observed redshift, we can easily distinguish between the two models, the point mass model
and the point mass plus an extended mass model without the best-fitting parameter search.
Our redshift data during the pericenter passage in 2018 with Subaru/IRCS bound the amount
of the extended mass inside the orbit of S0-2 less than 0.5% (∼ 2× 104M⊙) of the mass of Sgr
A*. This constraint obtained by our simple analysis is comparable to previous works with the
best-fitting parameter search to the motion of S0-2 including the effect of the extended mass.
We consider both the power-law and the Plummer models for the dark mass distribution model,
but the significant difference between these results is not found.
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1 Introduction
Sagittarius A* (Sgr A*) is a radio source which locates
at the center of the Milky Way. Astronomers have been
observing around Sgr A* over the past few decades and
found that stars move around it. The stars, which are
called S-stars, tell us that Sgr A* is a supermassive black
hole whose mass is about 4× 106M⊙ (see the latest re-
search: GRAVITY collab. 2018; Do et al. 2019; Saida et
al. 2019; GRAVITY collab. 2020). In 2018, we had a
big event for Sgr A*. One of the nearest S-stars to Sgr
A* named S0-2/S2 (hereafter we call it S0-2), experienced
the pericenter passage (the distance from Sgr A* is about
120au) in the year. Astronomers expect that this big event
gives us new information to test Einstein’s gravity the-
ory in the environment around a supermassive black hole.
Three telescopes, which are Keck observatory, Very Large
Telescope (VLT), and Subaru telescope, have been ready
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to observe that big event in 2018 independently. Keck
and VLT can carry out both astrometric and spectroscopic
measurements for S-stars (e.g., Boehle et al. 2016; Gillessen
et al. 2017). Subaru telescope can perform high-resolution
spectroscopic measurements with IRCS (Nishiyama et al.
2018). As a result of their astrometric/spectroscopic obser-
vations in 2018, they found that S0-2 experienced the peri-
center passage in May 2018. Moreover, they showed that
the spectroscopic measurements of S0-2 during the peri-
center passage strongly suggest that Einstein’s gravity is
preferable to Newton’s gravity in the environment around a
supermassive black hole (GRAVITY collab. 2018; Do et al.
2019). In addition to these works, Saida et al. (2019) has
pointed out another view of the “general relativistic effect”
within the spectroscopic data obtained by Subaru/IRCS
during the pericenter passage of S0-2 in 2018. Recently,
GRAVITY collab. (2020) has performed the orbital fitting
to the motion of S0-2 with the data up to the end of 2019
and reported that they caught the general relativistic peri-
center shift in the data.
The present observational data of S0-2 are well ex-
plained under the assumption that S0-2 feels only the
gravity from Sgr A*. However, within the uncertainties
of the observational data, the deviation from the above
assumption can be examined. As one possibility of such
deviation, we consider a dark mass distribution surround-
ing Sgr A*, e.g., faint S-stars, neutron stars, stellar mass
black holes, faint accretion gas clouds, and a dark mat-
ter. The amount of such dark extended mass has been
bounded within the uncertainties of the observational data.
Before the pericenter passage of S0-2 in 2018, the accept-
able amount of the extended mass inside the orbit of S0-
2 is 1% of the mass of Sgr A* at most (Boehle et al.
2016; Gillessen et al. 2017). After the observations of
S0-2 in 2018, GRAVITY collab. (2018) reported that the
acceptable extended mass is in the range 0.35%–1% de-
pending on the extended mass models, though they did
not show their observed data and the detail of their anal-
ysis. Do et al. (2019) performed the Beyasian parameter
estimation for the motion of S0-2 including the profile of
the dark mass distribution. As a result, they obtained
the absolute mass of the extended mass within the orbit
of S0-2, which is 5.5× 103M⊙/12.7× 10
3M⊙ with 1σ/2σ.
Converting into the percentage with MBH = 4×10
6M⊙, it
is in the range 0.14%–0.32%. Moreover, GRAVITY col-
lab. (2020) showed that the upper limit of the extended
mass inside the orbit of S0-2 is ∼ 0.1% (∼ 4× 103M⊙) of
Sgr A* with 1σ.
In the previous papers (GRAVITY collab. 2018; Do et
al. 2019; GRAVITY collab. 2020), they have given the up-
per limits of the amount of the extended mass by perform-
ing the best-fit parameter search for the motion of S0-2
and Sgr A* including a dark mass distribution with their
astrometric and spectroscopic data of S0-2 during the peri-
center passage in 2018. In this paper, we focus on the spec-
troscopic data of S0-2 and show that the data during the
pericenter passage give a strong constraint on the amount
of the extended mass inside the orbit of S0-2. The spec-
troscopic data tell us the redshift of photons from S0-2.
From the observation of S0-2 during the pericenter pas-
sage in 2018, we can see that the redshift had varied from
4000km s−1 to −2000km s−1 within 0.5yr. Thanks to this
steep variation of the redshift, we can easily distinguish
the two models, the point mass model and the point mass
plus an extended mass model. The aims of this paper are
as follows:
(i) Propose a simple χ2 analysis which needs much less
numerical costs compared with the method used in
the previous papers (Do et al. 2019; GRAVITY collab.
2020), and give a constraint on a dark mass distribution
around Sgr A*.
(ii) Show our spectroscopic data obtained by Subaru/IRCS
during the pericenter passage of S0-2 in 2018 can give a
strong constraint on the amount of the extended mass
inside the orbit of S0-2 by using the χ2 analysis pro-
posed in (i).
We do not perform the best-fitting parameter search in-
cluding a dark mass distribution which needs much nu-
merical cost (GRAVITY collab. 2018; Do et al. 2019;
GRAVITY collab. 2020). Instead of the best-fitting pa-
rameter search, we suggest a simple χ2 analysis with spec-
troscopic data. The procedure of our χ2 analysis is as
follows. We solve the equation of motion of a S-star in
two cases of the point mass and the point mass plus an
extended mass models. Then, we calculate the value of
χ2 with spectroscopic data for the motion of the S-star in
both models and take the ratio of those χ2. Our method
relies on the fact that the present observational data are
well explained by the point mass model, and the effect of
the extended mass can be regarded as a small perturbation
within the uncertainties of observed data. The ratio of χ2
becomes an indicator whether the dark mass distribution
model is acceptable. For S0-2, the time evolution of the
redshift had varied from 4000km s−1 to −2000km s−1 dur-
ing the pericenter passage, which is within 0.5 yr. Thanks
to this steep variation of the redshift, we can infer how
much mass for the dark extended object is acceptable. By
applying our χ2 analysis to our work Saida et al. (2019),
we find that the amount of the extended mass inside the
orbit of S0-2 is less than 0.5 % (∼ 2 × 104M⊙) of Sgr
A*. Our result is stronger by the factor 1/2 than the
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results obtained before the pericenter passage (Boehle et
al. 2016; Gillessen et al. 2017). This constraint is com-
parable to the recent works including the data during the
pericenter passage in 2018 (GRAVITY collab. 2018; Do et
al. 2019; GRAVITY collab. 2020). In GRAVITY collab.
(2018) and Do et al. 2019, they considered the power-law
model (Ghez et al. 2008; Boehle et al. 2016; Gillessen et
al. 2017) for the dark mass distribution which represents
a stellar cluster and is supported by the surface bright-
ness of the galactic center region with infrared observa-
tions (Genzel et al. 2003; Scho¨del et al. 2007). In ad-
dition to that model, we also adopt a Plummer model
(Rubilar & Eckart 2001; Mouawad et al. 2005; Gillessen
et al. 2009; GRAVITY collab. 2020) for the dark mass
distribution. The Plummer model is applied initially to
a globular cluster (Plummer 1911) and is available for a
dark mass distribution model around Sgr A*. Although
we consider these two models, we do not find a significant
difference between those results.
This paper is organized as follows. In section 2, we in-
troduce the equation of motion of an orbiting star around
Sgr A* in the post-Newtonian treatment in the context
of the general relativity. Moreover, we introduce two
dark mass distribution models: the power-law model; the
Plummer model. In section 3, we discuss the influence of
the dark mass distribution on the redshift of photons from
S0-2. The dark mass distribution affects the timing of the
pericenter passage. It plays an important role to give a
strong constraint on the dark mass distribution. In sec-
tion 4, we explain our χ2 analysis to the observed redshift
of S0-2. We can easily distinguish the point mass model
and the point mass plus an extended mass model with our
method. As a result, we obtain the upper limit of the
amount of the extended mass, which is 0.5% of Sgr A*.
The last section is devoted to the summary and discus-
sion. Through this paper, c and G represent the speed of
light and Newton’s gravity constant, respectively.
2 Equation of motion of an orbiting star and
dark extended mass models
2.1 Equation of motion of an orbiting star in the
post-Newtonian approximation
We calculate the motion of an orbiting star around Sgr A*
based on general relativity. Since S-star’s orbits are far
from Sgr A*(even the periapsis distance of S0-2 is about
2000 times the size of the central black hole), we do not
need full general relativistic treatment. In the case of S0-
2, the post-Newtonian approximation is available. The
equation of motion of a free test particle around a central
object with mass M can be written as
d2r
dt2
=−
GM
r3
r+
GM
c2r3
(
4GM
r
− v2
)
r+
4GMr ·v
c2r3
v, (1)
where r is the position vector of the test particle with re-
spect to the central object, and v is its velocity. Then,
r and v are the absolute value of r and v, respectively.
The first term on the right-hand side is Newton’s grav-
ity and the others are the general relativistic effects. We
need to include influence from a dark mass distribution
surrounding Sgr A* to equation (1). The most simple de-
formation is making the mass M be a function of r, that
is M → M(r) (Rubilar & Eckart 2001). This deforma-
tion would be enough to express a small mass fraction sur-
rounding Sgr A*. We apply equation (1) with M(r) to the
dynamics of S0-2 and solve it numerically.
2.2 Point mass plus an extended mass model
Various possibilities are available for a dark mass distri-
bution surrounding Sgr A*. In this paper, we mainly
focus on a stellar cluster model based on the surface
number density of stars near Sgr A* by infrared obser-
vation (Genzel et al. 2003; Scho¨del et al. 2007). We
consider two models representing a spherically symmet-
ric mass distribution; the power-law model (Ghez et al.
2008; Boehle et al. 2016; Gillessen et al. 2017; GRAVITY
collab. 2018; Do et al. 2019) and the Plummer model
(Rubilar & Eckart 2001; Mouawad et al. 2005; Gillessen
et al. 2009; GRAVITY collab. 2020). We briefly summa-
rize these models here.
Let us show the power-law model at first. The enclosed
mass M(r) with the mass density proportional to r−γ can
be written as
M(r) =
{
Mtot
{
1− η+ η
(
r
rc
)3−γ}
, (r ≤ rc);
Mtot, (r > rc),
(2)
where Mtot is the total mass of the central black hole and
the dark mass distribution within rc and η (0 ≤ η < 1) is
the ratio of the amount of the extended mass to the mass
of the central black hole. Then, the mass of the central
black hole is given by MBH = (1− η)Mtot. The power-law
slope γ is taken as 2.5 in GRAVITY collab. (2018) or as
1.5 in Do et al. (2019). Ghez et al. (2008) showed that the
extended mass upper limit did not depend strongly on the
value of γ in the range from 0.5 to 3. In this paper, we
choose γ to be 1.5 as in Do et al. (2019). Since the cutoff
radius is taken as rc =0.011pc in Do et al. (2019), we also
use 0.011 pc for rc.
1
Next, let us show the Plummer model which is applied
1 Boehle et al. (2016) set the cutoff radius to rc = 0.011 pc, such that it
encloses the orbits of S0-2 and S0-38.
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initially to a globular cluster (Plummer 1911). The mass
function of the Plummer model is given by
M(r) =Mtot
(
1− η+ η
∫ r
0
ρ˜(ξ)ξ2dξ∫ r0
0
ρ˜(ξ)ξ2dξ
)
, (3)
where r0 is a parameter which makes Mtot be the total
mass within r0. Then, ρ˜ is the mass density function writ-
ten as
ρ˜(r) =
{
1+
(
r
rc
)
2
}−5/2
. (4)
rc gives the clumping scale of the model. Since we are
interested in the motion of S0-2, we take r0 as the apoapsis
distance of S0-2 (∼0.01pc). In Mouawad et al. (2005), they
constructed a multi Plummer profile, and the most inner
core has that rc = 0.015pc, and therefore we use it for our
calculation.
Taking η = 0, both the power-law and the Plummer
models revisit the point mass model with MBH =Mtot. It
is worth to show the mass density profiles of the power-law
and the Plummer models. The mass density profile for a
spherically symmetric mass distribution is given by
ρ(r) =
1
4pir2
dM
dr
. (5)
For the power-law model, we have
ρ(r) =
ηMtot
4pir3c(3− γ)
(
r
rc
)−γ
. (6)
Then, the mass density function of the Plummer model is
given by
ρ(r) =
ηMtot
4pi
∫ r0
0
ρ˜(ξ)ξ2dξ
{
1+
(
r
rc
)2}−5/2
. (7)
We show the mass density profiles of the power-law and
the Plummer models in figure 1. Moreover, we also show
the mass functions in the case of η = 0.01 in figure 2.
3 Influence on the redshift due to a dark
mass distribution
In this section, we discuss how a dark mass distribution
affects the redshift of photons from S0-2. The velocity of
S0-2 induced by a dark mass distribution with 1% of the
mass of Sgr A* is about a tenth of the general relativistic
effect (Preto & Saha 2009; Iorio 2011). Thus, one thinks
that it would be difficult to detect the effect even if we get
spectroscopic data of S0-2 during the pericenter passage.
However, we should note that the existence of a dark mass
distribution changes the timing of the pericenter passage
because the mass affects the period of the star. Based on
Kepler’s third law, we can estimate that the change of the
period due to the dark mass is ∼ 0.01 yr. For S0-2, the
time evolution of redshift had varied from 4000 km s−1 to
0
5
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0 0.002 0.004 0.006 0.008 0.01 0.012
periapsis distance of S0-2
apoapsis distance of S0-2
Fig. 1. The mass density profiles of the power-law and the Plummer models
used in this paper. The mass density is normalized by ρ0 = ηMtot/(4pir
3
c ).
The solid and the dashed lines represent the mass density profiles of the
power-law and the Plummer models. The horizontal axis shows the dis-
tance from the Galactic Center. We also show the periapsis, rperi , and the
apoapsis, rapo , distances with the vertical lines. We calculate those with the
parameters of S0-2 and Sgr A* in table 1 and obtain rperi = 5.5× 10
−4 pc
and rapo = 9.4× 10
−3 pc. (Color online)
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0 0.002 0.004 0.006 0.008 0.01 0.012
periapsis distance of S0-2
apoapsis distance of S0-2
Fig. 2. The mass functions of the power-law and the Plummer model in the
case of η = 0.01. The lines are drawn in the same manner in figure 1.
Note that the radius giving Mtot is different between the power-law and the
Plummer models here. For the power-law model, it is rc = 0.011 pc that is
the cutoff scale. For the Plummer model, it is r0 = 9.4×10
−3 pc that is the
apoapsis distance of S0-2. (Color online)
−2000 km s−1 within 0.5 yr during the pericenter passage
in 2018. From that, we can estimate the acceleration of
S0-2 in the pericenter passage is of order 104 kms−1 yr−1.
Because the timing of the pericenter passage can change
0.01yr due to the dark mass, the velocity of S0-2 in the case
of the point mass plus an extended mass model can change,
roughly, ∼ 102 kms−1 from the point mass model at the
pericenter. We will show that the effect on the velocity
of S0-2 by the dark mass distribution reaches 800 km s−1
during the pericenter passage.
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3.1 Redshift in the post-Newtonian approximation
Let us introduce the redshift of photons from a moving
star in the dark mass distribution in the context of the
post-Newton approximation (Do et al. 2019). Taking our
coordinate system as a cartesian (X,Y,Z), and assuming
the observer locates on the Z-axis and well far from the
central black hole, the redshift measured at observation
time tobs is given by
z(tobs) =
vZ(tem)
c
+
v(tem)
2
2c2
+
GM(r(tem))
c2r(tem)
+
vZ0
c
. (8)
vZ is the Z-component of the velocity of the star v, and
tem is an emission time of a photon. The first term rep-
resents the radial velocity of the star. The second and
the third terms are the transverse Doppler shift and the
gravitational redshift, respectively. The fourth term is the
Z-component of the solar system’s velocity relative to Sgr
A*. For the motion of photons from S0-2 to the observer,
Minkowskian treatment is a good approximation because
general relativistic effects such as the lensing are negligible
yet. Then, with counting the Ro¨mer effect, we have the
following relation between the observation time tobs and
the emission time tem with eliminating the traveling time
from the Galactic Center to the observer:
tobs = tem +
Z(tem)
c
, (9)
where Z is the Z-component of the position vector of the
star. We need to search the emission time tem for given
tobs. Since tobs ∼ 2010yr and Z/c∼ 10days, it is sufficient
to use the following relation for our purpose:
tem = tobs−
Z(tobs)
c
. (10)
Combing equations (8) and (10), we can express a model
of observed redshift.
3.2 Redshift in the point mass model and the point
mass plus an extended mass model
We solve equation (1) numerically for the cases η = 0 (the
point mass model) and η 6= 0 (the point mass plus an ex-
tended mass model). Because both the power-law model
and the Plummer model have a similar effect on the time
evolution of the redshift, we show the power-law model, for
example. For the point mass model (η=0), we take the or-
bital parameters of S0-2 and the parameters of Sgr A* from
the general relativistic best-fitting parameter values given
in Saida et al. (2019) (see the row named GR-best-fit in ta-
ble 5 of the paper). The general relativistic best-fitting pa-
rameter values related to calculating the redshift are sum-
marized in table 1. The initial position of S0-2 is set at the
previous apocenter at 2010.3383. On the other hand, for
year
year
-800
-600
-400
-200
0
200
2016 2016.5 2017 2017.5 2018 2018.5 2019 2019.5 2020
Fig. 3. The top panel shows the time evolution of the redshift. The solid
line represents the case of the point mass model zPM and the dashed line
represents the case of the power-law model zPL with η = 0.01. The bottom
panel shows the discrepancy between the two models that is ∆z = zPM −
zPL. It becomes quite significant during the pericenter passage because
of the difference in the timing of the pericenter passage. The max absolute
value reaches 800 km s−1 in the case of η = 0.01. (Color online)
the power-law model (η 6= 0), we take the total mass and
the fraction of the extended mass as Mtot =4.232×10
6M⊙
and η=0.01, respectively, where Mtot is equal to the best-
fitting parameter value of the mass of Sgr A* in the point
mass model (η = 0). The initial conditions are taken as
same as the case of the point mass model. The results are
shown in figure 3. The discrepancy between the two models
is quite large during the pericenter passage, which reaches
800 km s−1. We can see that the timing of the maximum
of redshift is slightly different between the cases η = 0 and
η 6= 0. Moreover, the time evolution of the redshift shows
the steep variation within about 0.5 yr. These cause the
large discrepancy during the pericenter passage as shown
in figure 3.
Table 1. Some of the general relativistic best-fitting parameter
values of Sgr A* and S0-2 in Saida et al. (2019).
Parameters Description Value
MBH [10
6M⊙] Mass of Sgr A* 4.232
R0 [kpc] Distance to Sgr A* 8.098
vZ0 [km s
−1] Relative velocity -8.345
I [deg] Inclination 134.239
Ω [deg] Accending node 227.766
ω [deg] Argument of periapsis 66.204
e Eccentricity 0.8903
T [yr] Period 16.0504
4 Limit on the amount of the extended mass
with a simple χ2 analysis
We have seen from the figure 3 that a dark mass distribu-
tion affects the time evolution of redshift, and the influ-
ence is quite significant during the pericenter passage. It
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can give us a strong constraint on a dark mass distribution
around Sgr A*, and we will show that in this section. One
of the main points of our paper is that we do not perform
the best-fitting parameter search to the motion of S0-2
including the dark mass distribution which needs much
numerical cost as in GRAVITY collab. (2018), Do et al.
(2019), and GRAVITY collab. (2020). Instead of the best-
fitting parameter search, we suggest a simple χ2 analysis
to the redshift of S0-2. The present observational data of
S0-2 are well explained by the point mass model. Thus, the
effect of the dark mass distribution to the motion of S0-2
can be regarded as a small perturbation within the uncer-
tainties of the observed data. By applying our χ2 analysis
to the observed redshifts used in Saida et al. (2019), we
can easily distinguish between the point mass model and
the point mass plus an extended mass model thanks to the
steep variation of the redshift during the pericenter pas-
sage. As a result, our χ2 analysis gives a strong constraint
on the amount of the extended mass, which is less than
0.5% (∼ 2× 104M⊙) of Sgr A*. Our results are compara-
ble to the previous works with the best-fitting parameter
search (GRAVITY collab. 2018; Do et al. 2019; GRAVITY
collab. 2020). We will show our χ2 analysis and the results
here.
4.1 Simple χ2 analysis
We calculate the χ2 for the observed redshifts as
χ2 =
N∑
i=1
(zi− zmodel(ti))
2
σ2i
, (11)
where zi is the observed redshift with the uncertainty σi,
zmodel(ti) is a theoretical redshift at the observational time
ti and N is the total number of spectroscopic data. We
have the general relativistic best-fitting model of the mo-
tion of S0-2 obtained by Saida et al. (2019), which cor-
responds to the case of η = 0. Moreover, the effect of the
extended mass around Sgr A* (the case of η 6=0) is allowed
within the uncertainties of observational data. Therefore,
we can distinguish these models by comparing χ2 between
the cases of η = 0 and η 6= 0. Here, let us introduce a
normalized χ2 defined by
χ2n :=
χ2η 6=0
χ2η=0
, (12)
where χ2η=0 and χ
2
η 6=0 are the values of χ
2 in the cases of
η = 0 and η 6= 0, respectively. This normalized χ2 shows
the discrepancy between the point mass model (η=0) and
the point mass plus an extended mass model (η 6= 0). In
our analysis, we use χ2n to see whether the model with
η 6= 0 is acceptable. To determine the acceptable value
of χ2n, we calculate χ
2
n with the Newtonian model of S0-2’s
motion and the observed redshifts in Gillessen et al. (2017)
where the spectroscopic data before the pericenter passage
in 2018 are used. They have obtained the upper limit of
the amount of the extended mass inside the orbit of S0-2
is 1% of Sgr A*. Therefore, by calculating χ2n with their
upper limit case, we can determine the acceptable upper
limit of χ2n based on the spectroscopic data before 2018.
Then, we calculate χ2n with the results in Saida et al. (2019)
where the spectroscopic data during the pericenter passage
in 2018 are included. Since the acceptable upper limit of
χ2n is determined based on the observed data before 2018,
our analysis with the results in Saida et al. (2019) shows
how the spectroscopic data during the pericenter passage
in 2018 affect the constraint on the dark mass distribution.
4.2 Determination of the acceptable χ2n with the
observed redshifts before the pericenter
passage in 2018
To determine the acceptable range of χ2n, we calculate χ
2
n
with the results in Gillessen et al. (2017). They have per-
formed an orbital fitting method to the motion of S0-2 in
the context of Newton’s gravity both in the point mass
model and the point mass plus an extended mass model.
Therefore, we solve equation (1) eliminating the 2nd and
3rd terms in the right-hand side with the parameters in
the row 9 in table 1 and the row named S2 in table 3 in
Gillessen et al. (2017). We summarize some of those pa-
rameters in table 2. We start our calculation from the
previous apocenter, which is in 2010.33. Figure 4 shows
the time evolution of the redshift in the case of η = 0 and
the residual from the observed redshifts used in Gillessen
et al. (2017). We calculate χ2η=0 with those observed red-
shifts not including the observed data during the pericen-
ter passage in 2018. Then, we also solve the equation of
motion in the case of η 6= 0 with the initial conditions as
same as the case of η = 0, and calculate χ2η 6=0 for various
value of η. Then, we obtain χ2n. The results are shown
in figure 5. There is no significant difference between the
power-law (the solid line with points in figure 5) and the
Plummer (the dotted line with points in figure 5) models.
In Gillessen et al. (2017), they concluded that the amount
of the extended mass is 1% of Sgr A*, i.e., η=0.01 at most.
This corresponds to χ2n of 1.7 to 2.2 in figure 5. Therefore,
we can give the upper value of the acceptable range of χ2n
as χ2n ∼ 2.0.
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Table 2. Some of the best-fitting parameter values of Sgr A* and
S0-2 in Gillessen et al. (2017).
Parameters Description Value
MBH [10
6M⊙] Mass of Sgr A* 4.28
R0 [kpc] Distance to Sgr A* 8.32
vZ0 [km s
−1] Radial velocity of Sgr A* 14.2
I [deg] Inclination 134.18
Ω [deg] Accending node 226.94
ω [deg] Argument of periapsis 65.51
e Eccentricity 0.8839
T [yr] Period 16.00
year
year
Fig. 4. The top panel shows the time evolution of redshift in the case of the
point mass model (η = 0). We also show the observed redshifts from 2000–
2016 shown in Gillessen et al. (2017) by the filled circles with error bars. The
total number of the data, N , is 68. The bottom panel is the residual between
the observed redshifts and the theoretical model. We can reproduce the time
evolution of redshift shown in Gillessen et al. (2017) well. (Color online)
Fig. 5. χ2n based on the results in Gillessen et al. (2017). The solid and
dashed lines with points represent χ2n the cases of the power-law and the
Plummer models, respectively. We calculate χ2n at the points and connect
them with a line for the two models. There is no significant difference be-
tween them and 1% (η = 0.01) which is the upper limit in Gillessen et al.
(2017) corresponds to χ2n ∼ 2.0.
4.3 Limit on the amount of the extended mass
including Subaru observational data during the
pericenter passage in 2018
Let us calculate χ2n with the results in Saida et al. (2019).
They have found the general relativistic best-fitting orbital
model of S0-2 using the astrometric and the spectroscopic
data given in Boehle et al. (2016) and Gillessen et al. (2017)
and the spectroscopic data obtained by Subaru/IRCS. We
expect that the spectroscopic data during the pericenter
passage in 2018 obtained by Subaru/IRCS would bound
the amount of the extended mass more strongly than the
bound given in Gillessen et al. (2017). We numerically
solve equation (1) with the parameters in table 1 and cal-
culate χ2n for various η. The results are shown in figure
6. Obeying our criterion obtained in section 4.2 that is
χ2n ≤ 2.0, the acceptable fraction of the mass is about
100η ∼ 0.5% ∼ 2× 104M⊙ in the both models, which is
a stronger constraint than that given in Gillessen et al.
(2017).
To better understand our results, let us see the detail of
the cases of η=0 and η=0.01. Since there is no significant
difference between the power-law and the Plummer mod-
els, we only show the power-law model. Figure 7 shows the
time evolution of redshift in the cases of η=0 and η=0.01
in the power-law model. The solid and the dashed lines
represent the cases η = 0 and η = 0.01, respectively. The
points with error bars represent the observed redshifts used
in Saida et al. (2019). The filled circles (green) are the ob-
served redshifts in Gillessen et al. (2017), and the open
circles (blue) are those from Subaru/IRCS shown in Saida
et al. (2019). We zoom that figure around the pericenter
passage in 2018 and display it in figure 8. Moreover, we
show the residual between the observed redshifts and the
theoretical models in figure 9.
Our analysis shows that the redshift observations
around the pericenter passage are crucial to constrain the
amount of the extended mass around Sgr A*. As shown in
figure 9, the redshift difference between η=0 and η=0.01 is
very small between 2003 and 2017. On the other hand, the
difference has become as large as 800km s−1 in 2018, during
the pericenter passage of S0-2. This significant difference
was thus expected to be detected in the 2018 observations.
By comparing the top and bottom panels in figure 9, we
conclude that the extended mass with 1% of Sgr A* is ex-
cluded. The observed redshifts and the point mass model
(η=0) are consistent within 2σ (the top panel in figure 9).
By contrast, the residuals between the observations and
the point mass plus the extended mass model (η = 0.01)
are more than several 100km s−1 (bottom panel). It means
that η = 0.01 model can not well reproduce the observed
8 Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0
redshifts. One of the reasons we can clearly differentiate
the two models (η= 0 and η= 0.01) is that we could mea-
sure the redshift of S0-2 at 2018.38, the third data point
from the right in figure 7–9. This is not the peak or bottom
of the redshift, but it is close to the maximum point in the
difference between the two models (the bottom panel in
figure 3). It will be crucial to make observations at an ap-
propriate time to give a stronger constraint on the amount
of the extended mass and the mass density profile.
Fig. 6. χ2n based on the results in Saida et al. (2019). The solid and dashed
lines with points represent χ2n in the cases of the power-law and the Plummer
models, respectively. We calculate χ2n at the points and connect them with a
line for the two models. Focusing the case of 100η=1%which is acceptable
in Gillessen et al. (2017), χ2n > 3 for the both models. Since the upper value
of χ2n obtained in section 4.2 isχ
2
n∼2.0, we exclude the case of 100η=1%.
It means that the acceptable amount of extended mass is bounded less than
1% of Sgr A* due to adding the data from Subaru/IRCS.
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Fig. 7. The time evolution of redshift. The solid and dashed line represent
the cases η = 0 and η = 0.01 in the power-law model, respectively. The
points with error bars are the observed redshifts. The filled circles (green) are
from Gillessen et al. (2017). The open circles (blue) are the data obtained by
Subaru/IRCS (Saida et al. 2019). The total number of data, N , is 80. (Color
online)
5 Summary and Discussion
The star S0-2 moving around Sgr A* passed through the
pericenter in May 2018. We expect that this event gives
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Fig. 8. The time evolution of redshift around the pericenter passage. We
can see that the data points are well fitted in the case of η = 0 but the case
of η = 0.01 is off the points during the pericenter passage. (Color online)
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Fig. 9. The residual between the observed redshifts used in Saida et al.
(2019) and the theoretical models. The top and the bottom panels show
the cases of η = 0 and η = 0.01 in the power-law model, respectively. In
the bottom panel, we plot c(zPM − zPL) in figure 3 again with the solid
line. We can see that the spectroscopic data with Subaru/IRCS during the
pericenter passage in 2018 play an important role to constrain the amount
of the extended mass.(Color online)
us new information about the environment around Sgr A*.
In this paper, we have discussed a dark mass distribu-
tion surrounding Sgr A* inside the orbit of S0-2 (within
∼ 0.01 pc). The redshift of photons from S0-2 had varied
from 4000 kms−1 to −2000 km s−1 during the pericenter
passage in 2018, which is within 0.5 yr. This steep varia-
tion gives a strong constraint on the dark mass distribu-
tion. We suggested a simple χ2 analysis for the redshift
of S0-2 to constrain the dark mass distribution and ap-
plied to the results in Saida et al. (2019). As a result,
thanks to the steep variation of the redshift during the
pericenter passage in 2018, we can bound the amount of
the extended mass inside the orbit of S0-2 less than 0.5%
(∼ 2× 104M⊙) of the mass of Sgr A*. Our constraint is
stronger by the factor 1/2 than the result in Gillessen et
al. (2017) where the observational data in 2018 were not
included. It means that the spectroscopic data during the
pericenter passage in 2018 is crucial to give that strong
constraint on the dark mass distribution. Furthermore,
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our results are comparable to the results with the best-
fitting parameter search to the motion of S0-2 including
the data during the pericenter passage in 2018 (GRAVITY
collab. 2018; Do et al. 2019; GRAVITY collab. 2020). By
focusing on the steep variation in the time evolution of the
redshift of S0-2 during the pericenter passage, we can give
a constraint on the amount of the extended mass with less
numerical costs. Although we consider both the power-law
and the Plummer models as for the dark mass distribution,
we do not find the significant difference between them.
Both the power-law and the Plummer models represent
a stellar cluster surrounding Sgr A*. A dark matter distri-
bution surrounding Sgr A* is also available and considered
(Gondolo & Silk 1999; Sadeghian et al. 2013). The motion
of S-stars can bound a dark matter profile. The amount
of the dark matter within the orbit of S0-2 is a few % of
the mass of Sgr A* at most (Hall & Gondolo 2006; Lacroix
2018). The observational data of S0-2 in 2018 were not
included in these works. Because there is no significant
difference between the mass profile functions of a stellar
cluster and a dark matter models, the upper limit of the
amount of the extended mass would be less than 1% of Sgr
A* even if one considers a dark matter component.
In this paper, we have focused on the spectroscopic data
of S0-2. The other observable is the astrometry of S0-2,
and it gives us information about the dark mass distribu-
tion, of course. Rubilar & Eckart (2001) pointed out that
the existence of dark mass distribution raises the apoc-
enter shift even if in Newton’s gravity. That is compa-
rable to the relativistic apocenter shift if the amount of
the extended mass is less than 1% of the mass of Sgr A*.
Zakharov et al. (2007) studied how a dark matter profile
affects the apocenter shift for S0-2 and showed that the
astrometric observations could exclude some dark matter
profiles. GRAVITY collab. (2019) considered a scalar field
cloud surrounding Sgr A* as a dark matter model and
studied the motion of S0-2. They showed that the motion
of S0-2 is sensitive to the width of a dark matter cloud.
It gives the range of the mass of the dark matter particle.
Moreover, we can consider an exotic system that is without
the central black hole, e.g., a dark matter core (Boshkayev
& Malafarina 2019), a naked singularity (Dey et al. 2019).
We can not exclude these alternatives in the present ob-
servations of S0-2. The χ2 analysis suggested in this paper
would be useful to give a constraint on these alternatives.
Recently, GRAVITY collab. (2020) reported that they
had detected the pericenter shift for S0-2, which is consis-
tent with the general relativity. S0-2 will experience the
apocenter passage in 2026, and we expect to get new infor-
mation through the event. Furthermore, Peißker, Eckart,
and Parsa (2020) has found a new S-star moving inside the
orbit of S0-2, whose period is about 10yr. These new ob-
servational data would be useful to constrain on the dark
mass distribution or to resolve the components of the dark
mass distribution surrounding Sgr A* and to test alter-
natives for a black hole. For a research of a dark mass
distribution surrounding Sgr A*, we should prepare a gen-
eral relativistic dark mass model including the higher-order
terms than the first post-Newtonian term. For example,
if a geodesic represents the orbit of a star even for the
case M =M(r), we expect that new terms proportional to
∂rM appear in equation (1), which we do not introduce in
this paper. ∂rM could be comparable with (M −Mtot)/r,
that is, the mass profile correction due to the dark mass.
Therefore, it is worth including these new relativistic terms
to evaluate the evolution of the star more precisely. We will
investigate this issue in the near future.
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